Abstract. Matrix vesicles, associated with initial calcification in cartilage, have been isolated from bovine fetal epiphyseal cartilage. Cartilage was digested with collagenase, then partitioned into seven fractions by differential centrifugation. The cellular fractions contained over 80% of the DNA in the digest. The extracellular fraction that contained matrix vesicles, in which apatite crystals were often seen on electron microscopy, also displayed the highest specific activity for alkaline phosphatase, pyrophosphatase, ATPase, and 5'-AMPase (EC 3.1.3
Materials and Methods. Digestion of cartilage and preparation of extracellular fractions: The epiphyseal plates of the limb bones of fetal calves (about 1/2 term) were exposed by fracturing the epiphyseal line. The epiphyseal plates were obtained by taking ten sections, each 200 Am thick, from the epipyseal side of the fracture, which consistently occurred between the zone of provisional calcification and the metaphysis. A Smith-Farquhar tissue sectioner (Ivan Sorvall Inc.) was used; cartilage sections were collected aseptically at 4VC. Each gram of cartilage sections was incubated at 370C
for 18 hr with 5000 units of collagenase (CLS, Worthington) in 5 ml of 50 mM N-tris-(hydroxymethyl)-2-aminoethane sulfonic acid (TES) buffer, pH 7.4, containing 0.25 M sucrose, 0.1 mM CaCl2, and 5000 units each of penicillin and streptomycin. The cartilage digest was centrifuged in a Spinco SW 50.1 rotor at 4VC; fractions were obtained as follows: (1) 1,000 X g for 10 min; (2) 5,000 X g for 10 min; (3) 40,000 X g for 20 min; (4) 80,000 X g for 20 min; (5) 150,000 X g for 30 min; (6) 300,000 X g for 60 min; (7) supernatant fluid.
Enzymatic and biochemical analyses: Each fraction was suspended and stored in 0.25 M sucrose-5 mM TES buffer, pH 7.4, at 1VC. Protein was determined as described by Lowry et al." and DNA by the diphenylamine method.'4 The proteoglycan was estimated by the carbazole method for glucuronic acid;"5 sucrose was first removed from each fraction by dialysis against 0.15 MI NaCl. Alkaline phosphatase (pH 9.0) and acid phosphatase (pH 5.0) were determined with sodium U-glycerophosphate as substrate.'6 Glucose-6-phosphatase (EC 3.1.3.9; pH 7.0) and 5'-A1\IPase (EC 3.1.3.5; pH 7.0) were assayed under similar conditions. Esterase (EC 3.1. Electron microscopy: Centrifugal sediments were fixed in cacodylate-buffered glutaraldehyde, postfixed in osmium tetroxide, dehydrated, and embedded in Epon resin,'0 directly in polyallomer centrifuge tubes, then cut out and re-embedded with known orientation into the tips of polyethylene capsules. Thin sections were stained with lead citrate and/or uranyl acetate. These methods have been previously described.10
Results. Cartilage sections were completely digested by incubation with collagenase; there was no difference in the results when purified collagenase (CLSPA, Worthington) was used. The digest was very viscous, probably because of the liberated tissue proteoglyeans, which appeared in the supernatant fluid on centrifugal fractionation (Fig. 1) . About 50 million chondrocytes were routinely isolated from each gram of cartilage; more than 80%o of the DNA was in the first two fractions, thus recovery of intact cells was quite good. Over 60%o of the protein was in the final supernatant fluid (Fig. 1) , but a substantial part of this protein was probably contributed by the collagenase preparation.
Electron microscopy of the centrifugal sediments showed clusters of apatite and intact cells in fractions 1 and 2 (Fig. 3) . Large cell fragments, free nuclei, mitochondria, lysosome-like bodies, and partially fragmented endoplasmic reticulum were intermixed in fraction 3. Progressively smaller vesicles were found in fractions 4 to 6. There was a layer of intertwined fibrils (40-50 A thick) at the top of fraction 6 . Vesicles closely resembling the matrix vesicles of epiphyseal cartilage (Fig. 2) , because of their small size, electron-dense contents, and frequent inclusion of apatite-like needles, were most concentrated in the 5th fraction (Figs. 4 and 5). The apatite-like material often appeared to adhere to the inner surface of the vesicular membranes (Fig. 5 ). M\Iatrix vesicles were also present to a lesser extent in fractions 4 and 6. For enzymes, the relative specific activity is plotted; it is % of total activity in each fraction divided by % of total protein in that fraction. Thus, the area of the bar or block for each enzyme fraction is proportional to the total enzyme activity in that fraction. The fractions are numbered left to right (see alkaline phosphata~se) and fraction 5 is shown cross-hatched in each case.
Fractions 4, 5, and 6 contained 60% of the total alkaline phosphatase activity; the relative specificity activity was highest in the 5th fraction (Fig. 1) . The 5th fraction consistently showed a 15-20-fold purification of alkaline phosphatase compared to the cartilage digest. The presence of alkaline phosphatase in the extracellular fractions implied that this enzyme was mostly extracellular in the intact cartilage and/or that breakage of chondrocytes resulted in the release of subcellular particles containing the activity. 80% of the DNA was recovered in the cellular fractions, 1 and 2 (Fig. 1) these fractions contained mostly intact cells. Thus, the extent of cell breakage was about 20%, not high enough to account for recovery of 85% of the alkaline phosphatase in extracellular fractions. It is conceivable that the alkaline phosphatase activity might be latent within the cells and only activated by breakage of chondrocytes. This possibility was ruled out by the observation that repeated cycles of freezing and thawing, which ruptured the cells, did not alter the alkaline phosphatase activity of fraction 1. Thus, alkaline phosphatase appears to be largely associated with extracellular particles in bovine fetal epiphyseal cartilage. The alkaline phosphatase activity in fraction 5 was magnesium-dependent and was completely inactivated by 10 mM EDTA. It was not inhibited by 5 mM DL-phenylalanine but was inactivated by heat treatment at 80'C for 15 min.
The distributions of pyrophosphatase and ATPase were similar to that of alkaline phosphatase activity in the fractions; therefore, these enzymes also seem largely extracellular, and are probably localized in the matrix vesicles (Fig.  1) . The distribution of 5'-AMPase activity appeared to be bimodal; about 35% was located in the cellular fractions, although the peak for the specific activity was in the 5th fraction, overlapping the matrix vesicles. This enzyme is considered to be a plasma membrane marker;19 if it is, our results suggest that the matrix vesicles are derived from the plasma membrane of chondrocytes. Assays for glucose-6-phosphatase and acid phosphatase were complicated by the low activity of these enzymes in this tissue and by a high phosphate blank in the first fraction, which contains apatite crystals. Nevertheless, over 50% of the acid phosphatase activity was in the first fraction, which also had the highest specific activity for this lysosomal enzyme. Both glucose-6-phosphatase and esterase are regarded as microsomal enzymes.20 Their bimodal distribution in these experiments implies that these enzymes are localized both in cellular and matrix vesicle fractions and probably reflects some microsomal contamination of the latter (see below).
The validity of the electron microscopic and biochemical observations was tested further by using cartilage from the reserve zone, which in bovine fetal epiphysis was noted to be devoid of extracellular matrix vesicles. After taking ten 200-,um sections of the epiphyseal plate, five more sections were taken and rejected; ten further sections were then taken as representing cartilage from the reserve zone. Sections from each zone were separately pooled and digested with collagenase, then fractionated. We found that (1) the cell count and the distribution of DNA in the fractions was similar for these two types of cartilage, (2) there was very little alkaline phosphatase activity in the reserve zone cartilage digest, (3) electron microscopy showed that fractions 4, 5, and 6 from the reserve zone showed about 10% as many vesicles as the same fractions from the epiphyseal plate, (4) apatite crystals were not observed in the few vesicles obtained from the reserve zone cartilage, and (5) over 60% of the 5'-AMPase activity of the reserve zone cartilage was in the cellular fractions, with a specific activity peak in the 4th fraction, not in the 5th as with epiphyseal plate cartilage. These results suggest that matrix vesicles are not an artifact produced by budding of the chondrocyte plasma membrane during the preparation and isolation procedure.
Discussion. Electron microscopy of serial sections had indicated-that matrix vesicles are not pseudopodia or cell processes of chondrocytes but are indepen- VOL. 67, 1970 CALCIFYING MATRIX VESICLES FROM CARTILAGE 1519 dent bodies embedded in the longitudinal septa of epiphyseal cartilage.21 '22 The successful isolation of these matrix vesicles in extracellular centrifugal fractions of cartilage digest confirms that they are discrete membrane-bounded particles. However, this does not rule out the possibility that matrix vesicles originate from the plasma membrane of chondrocytes during the maturation of the epiphyseal plate and subsequently move to the longitudinal septa. Although some microsomal or plasma membrane contamination from broken cells was probably present in the matrix vesicle fractions, the percentage distributions of DNA and of microsomal enzymes suggest that such contamination was limited to 20%o of the total microsomal enzymes. Alkaline phosphatase, pyrophosphatase, and ATPase are largely extracellular and associated with matrix vesicles; our results with isolated particles support the electron microscopic histochemical findings of Matsuzawa and Anderson", who demonstrated alkaline phosphatase and ATPase in the outer surfaces of matrix vesicles, with greatest concentration in the hypertrophic zone, where early mineralization takes place. Jibril2' found that alkaline phosphatase activity was several times higher in the ossifying zone than in the resting zone of calf scapular cartilage; it has also been observed that ear cartilage of young rabbits, which does not calcify, does not have any alkaline phosphatase. 24 Matrix vesicles are quite different from lysosomes: morphologically, because of their smaller size; cytologically, because they are extracellular; and enzymatically, because of the absence of acid phosphatase.
We have not established whether the hydrolysis of at least five different phosphate-containing substrates was catalyzed by a single enzyme or by a variety of phosphatases. The present literature on phosphatases, especially alkaline phosphatase, pyrophosphatase, and ATPase, points to overlapping specificities for these enzymes.2' The presence of all these phosphatase activities in the matrix vesicles might promote calcification of cartilage in several ways. (1) They might produce a local increase in concentration of orthophosphate that would change the ion product [(Ca++) X (HPO4+) ] and thus initiate calcification. (2) They might provide the energy required for active uptake of calcium or phosphate by the hydrolysis of ATP. (3) They might hydrolyze, and thus reduce the concentration of, pyrophosphate, a known inhibitor of calcification. 26 The discovery and characterization of matrix vesicles, and the association of various phosphatases with them, not only supports some of the original concepts of Robison on the role of phosphatases in calcification,2 but also provides a model for the binding or uptake of calcium and/or phosphate by a membrane-bounded system. As suggested, 10 matrix vesicles might promote mineralization through active transport of calcium or phosphate. This could explain why the first crystals of apatite are present within the matrix vesicles of the epiphyseal plate.21 '22 Amorphous calcium phosphate might also be present within vesicles, and perhaps it is the electron-dense granular material seen within many vesicles. The energy requirement for calcium binding could be supplied by the hydrolysis of ATP, as with other membranous organelles that concentrate calcium, such as mitochondria,27 the vesicles of the sarcoplasmic reticulum that regulate muscle contraction,28'29 and the vesicles of peripheral nerve that function in impulse transmission.
Thus, the membrane-bounded matrix vesicles may produce a
